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?1? ??
1.1 ????
????????????????, ?????????????????. ???????????
?????????????????????, ???????????????. ????????
???????????????????????????. ??????????????????
?????????, ??????????????????????????? [1], [2].
????????????????. ????, ???????????????????????
?. ????????????????, ??????????????????????, ?????
????????????? [3]-[5].
????????????????????????????????, ????????????
????????????????????????. ?????????????????????
?????????, ????????, ???????????????, ????????????
??, ???????????????????????????? [6]-[8].
?????????????????????????????. ????, ??????????
????, ??????????????????, ????????????????, ??????
??????????????????????????.
????????????????, ??????????? 2?????????????????
?. ????????????????? 1+1 path protection[9]??????. 1+1 path protection
????, ?????????????????????, ????????????????????
???????????????????????????????????.
??????????????, ??????????????????????????????
? [10], [11]???. ??????????, ??????????????????????????
???????????, ??????????????????????????????????
????????.
??, ????????????????????????, ??????????????????
????????????, ????????????????, ????????, ????????
????????????????????????, ???????? [12], [13]?????????
??, ???????????????????? [14]???. ???, ??????????, ???
?????????????????????, ????????????????????????.
????, ??????????????????????????????????, ?????
??????????, ??????????????????, ?????????????????
????????????????. ?????????????????????????????
?. ???????, ?????, ?????????, ?????????????????????
??. ???, ??????????????????????. ?????, ???????????
??????. ????????, ???????????????????????.
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?2? ????
2.1 ??????????????
???????????, ??????????????????. ????, ??????????
???????????, ??????, ????????????????????????????
????????. ?????????, ????????????. Wavelength Division Multiplexing
(WDM)???????????????????????, ???????????????????
?????????, ??????????????????, ??????????????????
???????????????????? 2.1?. ????, ???????????, ??????
????????????????????????, ????????????????, ?????
??????????????????????????????.
? 2.1: ?????????????????
????????????????, ????????????????????. ????????
???????????????????, ?????????????????????. ????
??????, ??????????????????, ??????????????, ??????
??????????????????? 2.2?.
? 2.2: ??????????????
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2.2 ????
????, ??????????????????, ????????????????????
????. ??????????????????, ???????????????????. ?
?????????????. ?????, Quadrature Phase Shift Keying (QPSK), 16 Quadrature
Amplitude Modulation (16QAM), 32 Quadrature Amplitude Modulation (32QAM)? 3?????
????. QPSK, 16QAM, 32QAM????????????????, ? 2.3, 2.4, 2.5???. ??
??????????, ??????????????????????????. ????????
?, I??????, ?????????, Q???????.
? 2.3: QPSK ? 2.4: 16QAM ? 2.5: 32QAM
????????????????????? 1???????????????????. ???
???, ???????????????????????????. ? 2.3 - 2.5??, QPSK, 16QAM,
32QAM????, 1??????????????????, 2bit, 4bit, 5bit???, 32QAM????
?, QPSK??????. ?????, ???????????????????, ?????????
????, QPSK?????, 32QAM??????. ??, ????????????????, ??
?????????????????. ?????????, ?????????????, ?????
??, QPSK?????, 32QAM?????. ?????????????????????????
?? 2.1[15]???. ? 2.1?, ????? 100Gbps??????????????.
? 2.1: ?????????????????????????
???? QPSK 16QAM 32QAM
???????????? 3 2 1
?????? [km] 2000 800 400
2.3 1+1 path protection
1+1 path protection??, ????????????????????????????????.
1+1 path protection?, ??????????, ???????????????????????
??????, ???, ????????????????????, ???????????????
?????????????????????????, ?????????????.
??, ???? im ??????, ??? (i1, i2, ..., in)?????. ???????? i1, ?????
in ???, i1, i2, ..., in ????????????.
1+1 path protection????, ???????????. ? 2.6????, ????A, ????H?
??????????????, ?? (A, B, C, D, H)??????????. ????? CD????
?????, ????????????????. ???, ?? (A, B, C, D, H)???, ?? (A, B, C,
D, H)??????????? (A, E, C, G, H)???????????, ??? CD???????
??, ?? (A, E, C, G, H)?????????????????????????. ??, ?? (A, B,
? 2.6: ????????? 1
C, D, H)??? (A, B, C, D, H)??????????? (A, E, F, H)???????????, ??
? C?????????, ?? (A, E, F, H)?????????????????????????.
?3? ????
?????, ????????????????????????????????. ??, ???
?????, ????? 1??????, ???????????????????????????
??????. ????, ?????????????????????????????????
?????, ????????????????????????????????????????
????????. ???????????? G(V,E)???, V ???????????????,
E ???????, ??, K ???????????. ????? [10]?????????????
O(|K|(|E|+ |V |) log |V |)?????????.
??????????????????????????, ???????????????????
??????????????, ????????????. ??, ????????????????,
?????????????????????, ????????????????. ??????, ?
??????????????, ????????????????????????????, ???
??????????, ?????????????????????????. ?????????
????????, ?????????????.
?????????????????????????????, ? 2.1?????????????
??????????????????????. ???????, ???? 100Gbps???????
?????.
?????, ????????, ?????????????????, ?????????, ???
??????????????.
? 3.1??????????????, ???? A, ???? K????????????????
???.
? 3.1: ????????? 2
3.1 ????????
?????????, ????????????????????????????????. ??
????????????, ?? (A, B, C, D, F, K) (600km)??? (A, G, H, K) (800km)????
?, ????? 1400km???. ??, ?????????, ? 2.1???????????????, ?
??? 16QAM???. 2??????????????????? 8, 16QAM??????????
??????? 2???????, ?????????????????? 16(= 2× 8)???.
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3.2 ?????????
??????????, ?????????????????????????????????. ?
??????????????, ?? (A, I, J, K) (1250km)??? (A, G, H, K) (800km)?????,
?????? 6???. ?????????, ? 2.1???????????????, QPSK? 16QAM
???. QPSK?????????? 3, 16QAM?????????? 3?????????????
????????? 15(= 3× 3 + 3× 2)???.
???, ??????? 2?????????, ?? (A, B, E, F, K) (700km)??? (A, G, H, K)
(800km)?????? 1500km, ?????? 7????, ?????????????????, ??
??????? 16QAM??????????, ?????????????????? 14(= 2 × 7)
???.
?????, ???????????????????, ????????????????????
???????.
?4? ????
?????????????????, ??????????????????, ?????????
????????????????????????????????.
4.1 ??????????
?????????????????. ???????????? G(V,E)?????. V ????
???????????, ??, E??????????. ??? i ∈ V ????? j ∈ V ??????
? (i, j) ∈ E ???. ??, ????????K ???1. lij ???? (i, j)????????. ???
? xkij ??? k ∈ K ???? (i, j)???????? 1, ??????? 0????????????.
????????????, (4.1a)-(4.1e)??????????. (4.1a)-(4.1e)?????????
xkij ???.
min
∑
k∈K
∑
(i,j)∈E
S
 ∑
(i′,j′)∈E
li′j′ · xki′j′
 · xkij (4.1a)∑
j:(i,j)∈E
xkij −
∑
j:(i,j)∈E
xkji = 1, if i = p (4.1b)∑
j:(i,j)∈E
xkij −
∑
j:(i,j)∈E
xkji = 0,
∀i ∈ V \{p, q},∀k ∈ K (4.1c)∑
k∈K
xkij ≤ 1,∀(i, j) ∈ E (4.1d)
xkij ∈ {0, 1},∀(i, j) ∈ E, ∀k ∈ K (4.1e)
(4.1a) ????????, |K| ??????????????????????????????
?????. S(θk) ?, ??????? k ???????? θk???, ?????????????.
θk =
∑
(i′,j′)∈E li′j′ · xki′j′ ????, k ???????????. ???, ??????????. ?
???????????????????????, ?????????????????????
S
(∑
(i′,j′)∈E li′j′ · xki′j′
)
· xkij ???. (4.1b)?, ???????????? 1 ??????????.
(4.1c)?, ????? i ∈ V \{p, q}??, ????????????????????????????
?????. (4.1d)?, ?????????????, |K|???????????? (i, j)???1 ??
???????.
??, (4.1d)???????????, ????????????????????????????
????????????????.
∑
k∈K
∑
j∈V :(i,j)∈E
xkij ≤ 1,∀i ∈ V \{p} (4.2)
???, (4.1a)? S
(∑
(i′,j′)∈E li′j′ · xki′j′
)
· xkij ?????????. ?????, ????????
???????????????, ?????????????????.∑
c∈C
ykc = 1, ∀k ∈ K (4.3)
16 ???????? |K| = 2 ????, 4 ?????????, |K| ≥ 2 ????????.
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ykc ∈ {0, 1}, ∀c ∈ C, ∀k ∈ K (4.4)
C = {1, · · · , |C|}?????????????. ????????????????????. ???
? ykc ???????? c ∈ C ????? 1???, ????? 0????????????. (4.3)?,
?? k????? ykc = 1?????????????????????. Lc ??????? c???
?????????, ?? k????????? (4.5)?????????.∑
(i,j)∈E
lij · xkij ≤
∑
c∈C
Lc · ykc ,∀k ∈ K (4.5)
(4.5)??????????????????????????. (4.5)?, ?????????????
??? c??????????????????.
(4.3)-(4.5)???????????, (4.1a)????????.
min
∑
k∈K
∑
(i,j)∈E
∑
c∈C
nc · xkij · ykc (4.6)
nc ?, ?????????????, ?????????? c??????????????????
???. ??, (4.6)? 2???????????????????????????(4.7)-(4.10)???
????? zkcij ?????.
zkcij ≤ xkij ,∀(i, j) ∈ E, ∀k ∈ K, ∀c ∈ C (4.7)
zkcij ≤ ykc ,∀(i, j) ∈ E, ∀k ∈ K, ∀c ∈ C (4.8)
zkcij ≥ ykc + xkij − 1,∀(i, j) ∈ E, ∀k ∈ K, ∀c ∈ C (4.9)
zkcij ∈ {0, 1},∀(i, j) ∈ E, ∀k ∈ K, ∀c ∈ C (4.10)
zkcij ??????????, (4.6)??????????.
min
∑
k∈K
∑
(i,j)∈E
∑
c∈C
nc · zkcij (4.11)
???, (4.1a)???????????????.
???????, ?????????????? (4.12a)-(4.12l)????, ????????????
?????. ?????, ????????? [16] [17]?????????????????????
???. ?????, xkij , ykc , ??, zkcij ???.
min
∑
k∈K
∑
(i,j)∈E
∑
c∈C
nc · zkcij (4.12a)∑
j:(i,j)∈E
xkij −
∑
j:(i,j)∈E
xkji = 1,
if i = p,∀k ∈ K (4.12b)∑
j:(i,j)∈E
xkij −
∑
j:(i,j)∈E
xkji = 0,
∀i ∈ V \{p, q},∀k ∈ K (4.12c)∑
k∈K
xkij ≤ 1,∀(i, j) ∈ E (4.12d)∑
(i,j)∈E
lij · xkij ≤
∑
c∈C
Lc · ykc ,∀k ∈ K (4.12e)∑
c∈C
ykc = 1,∀k ∈ K (4.12f)
zkcij ≤ xkij ,∀(i, j) ∈ E, ∀k ∈ K, ∀c ∈ C (4.12g)
zkcij ≤ ykc ,∀(i, j) ∈ E, ∀k ∈ K, ∀c ∈ C (4.12h)
zkcij ≥ ykc + xkij − 1,∀(i, j) ∈ E, ∀k ∈ K, ∀c ∈ C (4.12i)
xkij ∈ {0, 1},∀(i, j) ∈ E, ∀k ∈ K (4.12j)
ykc ∈ {0, 1},∀k ∈ K, ∀c ∈ C (4.12k)
zkcij ∈ {0, 1},∀(i, j) ∈ E, ∀k ∈ K, ∀c ∈ C (4.12l)
?5? NP??????????
?????, ????????, ????? P0 ? NP????????????.
?? 1 P0. ??? G(V,E), ?????? length : E → H, ??? s, t ∈ V , ??? N , ??????
???????????????????????????????????, ??????????
????N ??? s? t??? 2????????????????
?? 1 P0 ? NP??.
?? 1 s? t??? 2??????????????, ?????????????????????
???????????????????, P0 ? NP???????.
??, P0 ???????????????? 2???? [20]????????????.
?? 2 ??????????? 2????. ??? G(V,E), ?????? length : E → H, ???
s, t ∈ V , ??? L????????, ?????? 2?? s? t???????, ???????? L
???????????????.
?? 2 ??????????? 2????? NP??.
??????????? 2?????NP????????, NP?????????????? [21]
????????????.
?? 3 ????. n????? a1, a2, · · · , an ????????,
∑
i∈I ai =
∑
i∈M−I ai ??????
???? I ⊆M ??????????.
??????????? 2???????????G(V,E)?? 5.1??????? (|V | = n+1, |E| =
2n), L = (n+1)(a1+a2+···+an)2 +n???. ??? vi???? vi+1????????????? (n+1)ai
???, ?????????? 1???. ??????????? 2???????????? L??
??? s? t??? 2????????????????, ???????????????????
?? (n+1)
∑n
i=1 ai
2 ???, ????????????????. ??, ???????????, ???
G????, ????????? ai ? 2????????, ai ?????, ??? (n + 1)ai ????
?????????????????, ???? L????? 2?????????????????
??. ???, ??????????? 2????? NP?????.
? 5.1: ??????????? 2??????????? G(V,E)
??, ??????????? s? t????????????????????? (n)?????
???????, ????????? NP?????.
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??????????? 2????????, s? t???????????????, L???? 1
?????????, L??????? 2?????????????. P0????????????
????????? N ????, N = (1(????)× n(???))× 2(??) = 2n(????)????
??????, P0 ?????????? 2?????????????????. ??? P0 ? NP?
????.
?6? ????
6.1 ????????????????????????
??????????????????????????????.
6.1.1 ????
???????????????, ????? 48?????????????????? JPN 48[18],
[19], ???? 11???????????????? Cost 239, ???? 17????????????
?German 17???. ? 6.1? JPN 48???????????, ? 6.2? Cost 239????????
???, ? 6.3? German 17?????????????. ???????????????????
?. ????, ????????????????. ??, ?????????, ??????????
??????, ???????????????????? 2000km??????????. ????
???????? |K| = 2??????????????????????????????????
??????, ????, ????????????????????????????. ??????
??? C ????, C = {1, 2, 3}???, L1 = 400, L2 = 800, L3 = 2000, n1 = 1, n2 = 2, n3 = 3??
?. ?????????????, ??????? CPLEX 12.6.1.0 [16]??????. ???????
???????, [10]????????????????????.
? 6.1: ???????????????, JPN 48
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? 6.2: ???????????????, Cost 239
? 6.3: ???????????????, German 17
6.1.2 ?????
??????????????????????????????. JPN 48, Cost 239, German 17
????????????????????????????????? 6.1, 6.2, 6.3???. ????
????????????????????????????, JPN 48 ?? 6.4, Cost 239 ?? 6.5,
German 17?? 6.6???.
? 6.1: JPN 48???????????????????????????
???????? ????????? ????
????????? 31.16 29.06 28.05
???????? (r × 100) 10.0% 3.5% -
????????????????????? Nα, ?????????????????????
Nβ ????, ????????????????????? r (r = Nα−NβNα )????.
? 6.1??, ???????????????????????????????????????
??. ??, ??????????????????, ????????? 31.16, ??????????
29.06, ????? 28.05???????, ?????????????????? 10.0%, ??????
? 6.4: JPN 48???????????????????????????????????
???????? 3.5%???????????????????????.
? 6.2: Cost 239???????????????????????????
???????? ????????? ????
????????? 10.85 9.71 9.64
???????? (r × 100) 11.2% 0.8% -
? 6.5: Cost 239???????????????????????????????????
? 6.2??, ?????????????????????????, ????????? 10.85, ?
????????? 9.71, ????? 9.64???????, ??????????????????
11.2%, ?????????????? 0.8%??????????????????????. ???
???????????????????????????????????, Cost 239??????
???????????????????, ????????????????????????, ??
???????????????????????????????????????.
? 6.3: German 17???????????????????????????
???????? ????????? ????
????????? 15.36 15.37 14.63
???????? (r × 100) 4.8% 4.8% -
? 6.6: German 17???????????????????????????????????
? 6.3??, ?????????????????????????, ????????? 15.36, ?
????????? 15.37, ????? 14.63???????, ??????????????, ???
?????, ???????????? 4.8%??????????????????????.
6.2 ????????????????????????
6.2.1 ????
JPN 48????, 6.1.1??????????, ???????? 13????, ?????????
??????????????????????????????????????.
6.2.2 ?????
??????????????????????????????. JPN 48??????? 13??
???????????????????????????????? 6.4???. ??? 13????
????????????????????????, ? 6.7???.
? 6.4??, ???????????????????????????????????????
??. ??, ??????????????????, ????????? 30.32, ??????????
28.52, ????? 27.66???????, ?????????????????? 8.8%, ??????
???????? 3.0%???????????????????????.
? 6.7: JPN 48??????? 13?????????????????????????????
? 6.4: JPN 48??????? 13???????????????????????????
???????? ????????? ????
????????? 30.32 28.52 27.66
???????? (r × 100) 8.8% 3.0% -
? 6.7?? 6.8???????, ???????????, ???????????????????
????????????????, ?????????????????????????????
????????????.
6.3 ?????????????
????????????????????????.
6.3.1 ????
6.2?????? JPN 48?????????????????????????????????
?????.
6.3.2 ?????
??, ??????????????????/????????????????????????
?????????????????????????????????????, ????????,
?????????, ?????????????????????????????, ???????
???????????????????????? 3????????????.
??????????????????/???????????????????????????
?????
??????????????????/??????????????????????????
??????????, ??????????????????????. ????????????
??????/???????????????????????????????????? 35, 39,
40, 41, 44, 45, 46, 47????????, ???? 9???????.
??????? 35????????? 47?????????????????. ??? 35???
??????, ?????????????????? (13, 15, 23, 24, 25, 30, 28, 29, 34, 35) (919km)
??? (13, 14, 20, 24, 22, 26, 27, 28, 31, 37, 38, 39, 35) (1066km)???, ????????????
??????? (13, 15, 23, 24, 25, 31, 37, 38, 39, 35) (1203km)??? (13, 14, 20, 24, 22, 26, 27, 32,
34, 35) (1105km), ?????????????? (13, 14, 20, 24, 25, 31, 37, 38, 39, 35) (1234km)?
?? (13, 15, 23, 24, 22, 26, 27, 29, 34, 35) (900km)???. ?????, 3????????????
?????, 2???????QPSK???. ??????????????????/???????
???, ??????????????. ?????????????????????? 21???,
?????????/?????????????????? 18???.
??? 47?????????, ?????????????????? (13, 14, 20, 24, 22, 26, 27,
28, 31, 37, 38, 39, 45, 46, 47) (1499km)??? (13, 15, 23, 24, 25, 30, 28, 29, 34, 35, 39, 41, 44, 47)
(1424km)???, ??????????????????? (13, 15, 23, 24, 25, 31, 37, 38, 39, 45, 46,
47) (1636km)??? (13, 14, 20, 24, 22, 26, 27, 32, 34, 35, 39, 41, 44, 47) (1610km), ???????
??????? (13, 14, 20, 24, 25, 31, 37, 38, 39, 41, 44, 47) (1605km)??? (13, 15, 23, 24, 22, 26,
27, 29, 34, 35, 39, 45, 46, 47) (1467km)???. ?????, 3?????????????????,
2??????? QPSK???. ??????????????????/??????????, ?
?????????????. ?????????????????????? 27???, ?????
????/?????????????????? 24???. ??????????, ???????
?, ?????????? 2???????????????????????????? 2????
???????????????????????, ??????????????????????
??????????????????, ???????????????????????????
????.
???????, ?????????????????????, ???????????????,
????????, ?????????????????????????????????????,
??????????????????????. ???????????????????????,
?????????????, ????????????????????????????????,
???????????????????. ?????, ??????????, ??????????
????, ??????????????????????????????, ???????????
???????????????????????????????, ??????????????
???.
????????, ?????????, ???????????????????????????
??????????
????????, ?????????, ???????????????????????????
??????, ???????????????.
??? 2????????????, ?????????????????, ????????? 27,
?????????? 25, ????? 20???. ???????????, ???????????
(13, 14, 10, 16, 5, 2) (829km)??? (13, 11, 9, 7, 4, 3, 2) (717km), ???????????? (13, 14,
10, 16, 5, 2) (829km)??? (13, 11, 8, 4, 3, 2) (757km), ??????? (13, 12, 8, 4, 3, 2) (777km)
??? (13, 11, 10, 16, 5, 2) (790km)???. ?????????????????????????
?????????. ???, ???? 800km??????????, ??????????????
?QPSK????????????????. ??, ??????? 800km????????????
????????????????????????????????, ?????????????
???????????. ??????????????????????????, ?? 2????
????? 800km???????, 2???????QPSK???????????????????
16QAM???????????.
??? 34????????????, ?????????????????, ????????? 49,
?????????? 48, ????? 40???. ?????, ??????????? (13, 15, 23, 24,
25, 30, 28, 29, 34) (757km)??? (13, 14, 20, 24, 22, 26, 27, 28, 31, 37, 38, 34) (876km), ?????
??????? (13, 15, 23, 24, 25, 31, 37, 38, 34) (1012km)??? (13, 14, 20, 24, 22, 26, 27, 32, 34)
(943km), ??????? (13, 14, 20, 24, 25, 30, 28, 29, 34) (788km), ?? (13, 15, 23, 24, 22, 26, 27,
32, 34) (912km)???. ??????????????????????????????????
?. ??, ??????????, ????? QPSK????????????? 8, 16QAM????
????????? 8???????, ?????????? QPSK????????????? 11,
16QAM????????????? 8???, ???????????????????. ?????
????????????, ?????????????????? 16QAM?QPSK, ???????
??? 2??????? QPSK?????. ?????????????????? QPSK????
????????? 11, 16QAM????????????? 8, ???????????????? 16
???. ??????????????????????????????????????????
??????????????????, ???????????????????????????
???????????????????????. ??, ???????????????????
?????????????. ????????????????????. ???????????
??, ????? QPSK? 16QAM?????. ??, ?????????? 2??????? QPSK
?????. ???????????, ??????????? 16, ????????????????
16???, ???. ???, 3???????, ?????????????????????????.
??????????????????????????????????????
?????????????????????????????????????. ??? 29??
??????????, ?????????????????, ????????? 28, ??????
???? 35, ????? 28???. ???????, ??????????? (13, 15, 23, 24, 25, 30,
28, 29) (613km)??? (13, 14, 20, 24, 22, 26, 27, 29) (625km), ???????????? (13, 15, 23,
24, 25, 31, 28, 29) (914km)??? (13, 14, 20, 24, 22, 26, 27, 29) (625km), ??????? (13, 15,
23, 24, 25, 30, 28, 29) (613km)??? (13, 14, 20, 24, 22, 26, 27, 29) (625km)???. ???????
??????????????????. ??????????????????????, QPSK?
16QAM???????????. ?? 2???, 2??????? 16QAM?????. ?????,
??????????????????????????????????????????????
??????????????????.
????????????????????????
????????, ?????????, ??, ????? 3??????????????, ???
????????. ??????????, ???????????????????????????
??????????, ?????????????????????????. ??? 2?????
??????????????????????????, ???????????????????
?, ???????????????????. ???, ????????????, ????????
?, ????????????????????????????. ???, ????????, ???
??????, ??, ?????????????????????????????????????
????????????????????????????, ??????????????, ???
?????????????????????????????????????. ?? 3?????
?????????????????????, 3??????, 2????????????????
????????????????. ?????????????????????????????
?????????, ????????????????????????????????????
?????????????????. ??????????, ?????????????????
??, ??????????????????????????????, ?????????????
??????????????????????????????????????????. ???
?, ????????????????????????????, ???????????????
???????????????????????, ??????????????????????
????????????????????, ?????????????????????. ???
????, ??????????, ???????????????????????????????
???, ?????????????, ???????????????, 2????????????
?????????????????????????????????????. ????????
???????, 2??????????????????.
6.4 ????
??????????, ?????????6.1.1??, ???????6.2.1??????, ?????
??????????????????????. ????????????? Dell-Precision-T7610
???, CPU? Intel(R) Xeon(R) CPU E5-2609 v2 @ 2.50GHz, ???? 64GB????. ?????
????????????????????, JPN 48?? 6.5, Cost 239?? 6.6, German 17?? 6.7
???. ??, JPN 48????, ?????????????????????????? 6.8???.
? 6.5 - 6.7??, ????, ???????, ????????????, ?????????, ??
????????????????. ??, ??????????????, ????????????
????????. ?????????????????, ??????????????, ?????
????????????.
? 6.8??, ??????, ????????????, ????????????????????
?, ????????????????????????????.
? 6.5: JPN 48??????????????????????????????
???? ???????? ????????? ??????????[sec] ??????[sec] [sec]
1 0.108 0.107 0.684
2 0.108 0.109 0.979
3 0.108 0.106 0.975
4 0.109 0.107 1.044
5 0.108 0.107 0.969
6 0.106 0.108 1.086
7 0.109 0.107 0.940
8 0.108 0.107 1.053
9 0.108 0.109 1.054
10 0.108 0.107 1.080
11 0.109 0.109 0.967
12 0.108 0.108 1.069
13 0.108 0.108 1.131
14 0.109 0.107 1.003
15 0.109 0.107 0.946
16 0.108 0.108 0.995
17 0.110 0.109 0.949
18 0.109 0.110 0.979
19 0.109 0.109 0.962
20 0.109 0.108 0.909
21 0.109 0.110 1.066
22 0.109 0.108 1.057
23 0.109 0.108 0.948
24 0.109 0.110 0.965
25 0.109 0.108 0.883
26 0.119 0.116 1.009
27 0.118 0.117 0.861
28 0.108 0.108 1.007
29 0.108 0.107 1.026
30 0.109 0.109 0.889
31 0.107 0.109 0.937
32 0.110 0.109 0.971
33 0.109 0.110 0.995
34 0.109 0.110 1.174
35 0.108 0.109 0.878
36 0.109 0.109 0.850
37 0.109 0.109 0.828
38 0.109 0.108 0.885
39 0.109 0.109 0.866
40 0.110 0.107 0.886
41 0.108 0.109 0.809
42 0.109 0.107 0.536
43 0.108 0.109 0.439
44 0.109 0.109 0.839
45 0.109 0.107 0.821
46 0.109 0.109 0.868
47 0.109 0.107 0.687
48 0.108 0.113 0.102
?? 0.109 0.109 0.914
? 6.6: Cost 239??????????????????????????????
???? ???????? ????????? ??????????[sec] ??????[sec] [sec]
1 0.010 0.014 0.044
2 0.010 0.010 0.057
3 0.010 0.010 0.082
4 0.010 0.010 0.048
5 0.010 0.010 0.089
6 0.010 0.010 0.082
7 0.010 0.010 0.048
8 0.010 0.010 0.081
9 0.010 0.010 0.060
10 0.010 0.010 0.045
11 0.010 0.010 0.033
?? 0.010 0.010 0.061
? 6.7: German 17??????????????????????????????
???? ???????? ????????? ??????????[sec] ??????[sec] [sec]
1 0.030 0.030 0.136
2 0.030 0.030 0.138
3 0.030 0.030 0.142
4 0.030 0.030 0.136
5 0.030 0.029 0.134
6 0.030 0.030 0.122
7 0.030 0.030 0.145
8 0.030 0.030 0.125
9 0.030 0.030 0.137
10 0.030 0.030 0.111
11 0.030 0.030 0.122
12 0.030 0.029 0.109
13 0.030 0.030 0.156
14 0.030 0.030 0.133
15 0.030 0.030 0.138
16 0.030 0.029 0.140
17 0.030 0.030 0.121
?? 0.030 0.030 0.132
? 6.8: JPN 48??????????? 13??????????????????????
???? ???????? ????????? ???? ??????????[sec] ??????[sec] [sec] ??????????[km]
1 0.11 0.11 0.64 2275
2 0.11 0.11 0.90 1567
3 0.11 0.11 1.14 1334
4 0.11 0.10 1.23 768
5 0.11 0.11 1.12 1296
6 0.11 0.10 1.50 998
7 0.11 0.11 1.08 768
8 0.11 0.11 0.73 316
9 0.10 0.10 1.00 363
10 0.11 0.11 1.08 251
11 0.11 0.11 0.98 138
12 0.10 0.11 1.10 138
13 ?????? - - - -
14 0.11 0.10 1.02 114
15 0.10 0.11 1.38 114
16 0.11 0.11 1.21 810
17 0.11 0.11 1.03 1046
18 0.10 0.11 3.38 1219
19 0.11 0.11 2.61 1219
20 0.10 0.11 1.11 439
21 0.10 0.11 1.29 523
22 0.11 0.10 1.37 1056
23 0.10 0.10 1.18 439
24 0.10 0.10 0.93 765
25 0.11 0.11 1.20 1056
26 0.11 0.11 1.20 1056
27 0.11 0.11 1.37 1113
28 0.11 0.10 1.10 1162
29 0.11 0.11 1.35 1238
30 0.10 0.11 1.53 1113
31 0.11 0.11 1.08 1463
32 0.11 0.11 1.30 1700
33 0.11 0.11 1.83 2232
34 0.11 0.11 1.07 1700
35 0.11 0.11 0.74 2134
36 0.11 0.11 1.04 2232
37 0.11 0.10 1.07 1635
38 0.11 0.11 1.25 1635
39 0.11 0.10 0.98 2134
40 0.12 0.11 0.76 2024
41 0.11 0.11 0.95 2648
42 0.11 0.11 0.45 -
43 0.11 0.11 0.41 -
44 0.11 0.11 0.80 2796
45 0.11 0.11 0.61 2648
46 0.11 0.10 0.82 3152
47 0.11 0.11 0.89 3152
48 0.11 0.11 0.35 -
?? 0.108 0.108 1.131
?7? ???????????????
?????, ???????????????????????????????????????
????????????????. 6.3????????, ??????????????????,
???????????????????????????????, ??????????????
????, ?????????????????????????????????????????
??. ?????, ???????????????????.
Algorithm 1 ?????????.
Input: ????????
Output: ?????????????????????????????????
Step 1: ?????????????????????????????????????????
????????. ?????????????????????????????????? X,
??????????????????????????????????? Y ???.
Step 2: X ≤ Y ???, Step 3???. ???????, Step 4???.
Step 3: ????????????????????.
Step 4: ?????????????????????.
????????,????????????????????????????,???O(|K|(|E|+
|V |) log |V |)???, 2???????????????????????????????????
O(1)???????, ????????????? O(|K|(|E|+ |V |) log |V |)???.
23
?8? ???
????, ?????????????????????????????, ???????????
??????????????????????????????. ???????????????
?, ??????????????????????????????????, ??????????
?????????????????, ???????????????????????????, ?
??????????????????????????????????????. ?????, ?
?????????????????????????????????.
??????????????????????????????????, ??????????
?????????????????????????????????. ???, ????????
??????????????, ??????????????????????. ??, ??????
?????????? NP????????????. ???????, ?????, ???????
??, ??????????????? 11.2%, ???????????????? 4.8%??????
?????????????????. ??????????????????, ?????????
??????????????????, ????????????. ??????????????
?, ??????????????????????, ??, ?????????, ?????????
???????????????????????????. ??, ?????, ??????????
????????????????????????????.
24
????
??????????????????????????????????????????????
?????????????????????????. ??, ??????????, ???????
????????, ???????????????????.
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